Caffeine, standard treatment for apnea of prematurity, improves brainstem auditory processing. We hypothesized that caffeine also improves cortical differentiation of complex speech sounds. We used event-related potential methodology to measure responses to speech-sound contrasts in 45 intensive care neonates, stratified by cumulative exposure as no-, low-, and highcaffeine groups. Sound differentiation in the low-caffeine group and near-term no-caffeine infants was similar with repeated measures analysis of variance controlling for gestational and postnatal age. However, a generalized estimating equation approach demonstrated that, at equivalent postnatal age, differentiation was reduced in the high-caffeine (gestational age 25 weeks) compared to the low-caffeine group (gestational age 28 weeks), reflecting the importance of maturity at birth (Z ¼ 2.77, P < .006). We conclude that caffeine improves measures of auditory processing associated with improved neurodevelopmental outcomes in preterm infants. However, current usage of caffeine for apnea of prematurity cannot fully compensate for the effects of brain immaturity on speech sound processing.
Apnea of prematurity affects a majority of infants born at low gestational ages. 1, 2 The resultant hypoxemia can lead to decreased cerebral blood oxygenation 3, 4 and potential neural injury. [5] [6] [7] Caffeine administration is the standard treatment to prevent apnea in preterm infants, as it increases respiratory drive by stimulating respiratory centers in the ventral medulla. 8, 9 Although studies have examined the short-and long-term effects of caffeine administration on chronic lung disease and neurodevelopment, 6, [10] [11] [12] little is known about how caffeine affects electrophysiologic function in the developing cortex of human infants. A recent neuroimaging study suggests that caffeine exposure may be associated with improved cortical white matter microstructure, 1, 2, 13 but little research exists on the functional effects of caffeine in neonatal brains.
In infants with apnea of prematurity, brainstem neural processing (assessed using auditory brainstem responses) is faster in response to individual tones or clicks in patients receiving caffeine compared to controls. 3, 4, 14 However, whether caffeine also affects cortical processing of complex auditory stimuli, such as speech sounds, is unknown. Event-related potential methodology records cortical brain activity time-locked to stimulus onset and has been used to measure preterm infants' ability to differentiate speech sounds. [5] [6] [7] [15] [16] [17] [18] In newborns requiring intensive care, event-related potential responses to speech sounds are highly predictive of cognitive and communication outcomes at 1 and 2 years of age. 8, 9, 19, 20 Furthermore, these responses are influenced by gestational age at birth and postnatal age, reflecting the effects of immaturity and experience on brain development and function. 6, [10] [11] [12] 21 We hypothesized that caffeine exposure would be associated with improved cortical processing of auditory stimuli, or greater sound differentiation, after accounting for neural immaturity at birth. To test this hypothesis, we prospectively studied event-related potential responses in newborn infants throughout a range of gestational ages and analyzed the effects of caffeine exposure on neural processing of speech-sound differentiation.
Methods Subjects
Subjects who met study criteria were selected from 2 prospective observational cohorts of infants cared for in the neonatal intensive care unit at Monroe Carell Jr Children's Hospital at Vanderbilt between 01/ 07 and 01/10. The 2 studies in which the infants participated included medical data and event-related potential measurements prior to hospital discharge. The Vanderbilt Institutional Review Board approved both protocols. Inclusion criteria for the subset of infants in the present study were respiratory stability in room air without need for nasal continuous positive airway pressure, or high-flow nasal cannula at the time of testing. We excluded infants with congenital brain abnormalities or genetic syndromes, presence of severe white matter injury on any cranial ultrasound examination, neuropathic hearing loss, lack of available data on caffeine exposure, or exposure to any sedative agent within 24 hours of event-related potential testing. Prior to testing, all infants had serial cranial ultrasound examinations as part of the neonatal intensive care unit standard of care; a pediatric radiologist evaluated them for the presence of severe white matter injury defined as grade III or IV intraventricular hemorrhage according to the Papile classification 22 or periventricular leukomalacia. Infants also had routine hearing screening at approximately 34 weeks' postmenstrual age, using auditory brainstem responses, performed by a pediatric audiologist to evaluate neuropathic hearing loss. All event-related potential testing was performed after 32 weeks' postmenstrual age, when infants were considered clinically stable by the medical team and when they had reached the minimal testing head circumference requirements of 31 cm.
Caffeine Exposure
According to routine practice at our institution, infants born before 34 weeks' gestational age were candidates to receive caffeine to prevent or treat apnea of prematurity. Caffeine is usually started within the first 72 hours after birth in very preterm infants, and typically discontinued by 34 weeks' postmenstrual age or earlier if apnea has resolved (5 days without apnea). Caffeine is not used for therapeutic purposes other than apnea in our unit. We extracted data on daily doses of caffeine from pharmacy records and calculated cumulative exposure at the time of event-related potential testing. Cumulative caffeine exposure was also calculated as the algebraic sum of daily dose/ kilogram and expressed in milligrams/kilogram.
Event-Related Potential Response Methodology
Our methodology has been previously described in detail. [19] [20] [21] Briefly, 6 computer-synthesized consonant-vowel syllables (/ba/, /da/, /ga/, /bu/, /du/, /gu/) from the series employed by Stevens and Blumstein 23 were used as stimuli. To record infant event-related potential responses, we used a high-density array of 124 Ag/AgCl electrodes embedded in soft sponges saturated with warm saline solution (Geodesic Sensor Net without the lower eye channels, EGI, Inc, Eugene, OR). Electrode impedance levels were below 40 kO before and after testing, whereas the low-pass filter was set to 30 Hz and the highpass filter to 0.1 Hz. During acquisition, data were sampled at 250 Hz. All electrodes were referred to vertex and then rereferenced offline to an average reference. A subset of electrodes corresponding to frontal and temporal locations in the left and right hemisphere was analyzed ( Figure 1 ). These locations are thought to reflect activity in the primary auditory cortices and higher processing areas. 24 Infants were tested in quiet-alert state while lying without restraint in the bassinet or in the caregiver's arms with both ears unobstructed. The syllables were presented by a computer at 80 dB SPL(A) as measured at the infant's ear through a speaker positioned approximately 1 m above the midline of the infant's head. The 6 sounds were each presented 25 times in random order, for a total of 150 trials. Interstimulus intervals varied randomly from 1600 to 2600 ms to prevent habituation to sound onset. Recording of the brainwaves was controlled by Net Station software (v. 4.2, EGI, Inc). Stimulus presentation was controlled by E-Prime (v. 1.2, PST, Inc, Pittsburgh, PA). The infant's electroencephalogram (EEG) and behavior were continuously monitored so that the stimulus presentation occurred only when the infant was aligned with the speaker and the EEG was free of motor artifacts. Testing time took less than 10 minutes.
Event-related potential data were analyzed and prepared as previously described. 21 Inclusion of a participant's data set in the overall analyses required that averages for each stimulus be based on a minimum of 10 trials. Mean amplitudes were calculated for each selected electrode location by averaging readings within 150 to 250 ms and 250 to 400 ms intervals after stimulus onset, based on previous studies in healthy newborn infants 17 and neonatal intensive care unit patients. [19] [20] [21] 
Statistical Analysis
Infants were stratified into 3 groups based on caffeine exposure: nocaffeine, low-caffeine, and high-caffeine groups divided along the median exposure. To examine the effects of caffeine on brain function, we began with a repeated measures analysis of variance (ANOVA). Although this statistical model has been questioned, 25 it most closely replicates past work in the field. In the present analysis, speech-sound differentiation was quantified as the absolute difference in mean amplitude between 2 contrasting auditory stimuli (eg, /ba/-/ga/). These discrimination scores served as the dependent variables in a repeated measures ANOVA with caffeine exposure group (none, low, high) as the between-subject factor and sound contrast (/ba-ga/, /da-ga/, /bugu/, /du-gu/) Â time window (150-250 ms, 250-400 ms) Â electrode cluster (frontal, temporal) Â hemisphere (left, right) within-subject factors. Huynh-Feldt correction was used for correlated errors that occur with violations of sphericity. Gestational age at birth and postnatal age at the time of event-related potential testing were entered as covariates. Significant main effects and interactions involving caffeine exposure group and sound contrast factors were followed by planned comparisons using 1-way ANOVAs.
To examine the differences in speech-sound processing between low-and high-caffeine groups, we also performed a follow-up analysis using generalized estimating equations. We simultaneously examined /da-ga/ discrimination (the contrast most highly correlated with neurodevelopmental outcomes at 2 years of age) over 2 time windows and 4 scalp locations and accounted for postnatal and gestational ages.
Results

Population Characteristics
Of the 57 infants in the original cohort, 45 infants met criteria for inclusion in the study. These infants included 14 with no caffeine exposure and 31 treated with caffeine, including 2 who were still receiving a daily caffeine dose at the time of testing but had not received it within 12 hours of testing. These 2 infants were receiving 1 mg/kg/d and 3 mg/kg/d and were off caffeine the next day and 3 days later, respectively. Analyses were performed with and without these 2 infants without altering the results, so they were included in the final analysis. The mean length of time between last caffeine dose and event-related potential testing in infants no longer on caffeine was 27 days, with a minimum of 4 days and with a mean postmenstrual age at last caffeine dose of 33.5 weeks. Among caffeine-exposed infants, average daily doses over the course of their treatment ranged from 2.1 to 23.2 mg/kg/d and the total median exposure for all infants was 145.8 mg/kg. The median daily dose of 5.2 mg/kg reflects the recommended daily doses of 5 to 10 mg/kg/d. The wide range is due to additional doses when infants continued to have apnea and insufficient dosing was suspected and, on the lower end, to recommended doses that had not been adjusted for weight gain as infants approached 34 weeks postmenstrual age. Based on the median cumulative dose, exposed infants were divided into low-(n ¼ 10) and highcaffeine (n ¼ 21) groups. Table 1 summarizes characteristics of the 3 caffeine exposure groups. Groups did not differ statistically in postnatal age at testing or sex. As expected, gestational age and birth weight were lower in the caffeine-exposed groups than the unexposed group (P ¼ .001 for both), and lower in the high-than low-caffeine groups (P ¼ .007). Figure 2 shows the grand average event-related potential waveform tracings for all 45 infants. Preterm infants do not demonstrate well-demarcated peaks in response to the speech-sound stimuli. Differences between responses to speech sounds are apparent in the early prespecified time-windows as amplitude differences between each tracing.
Caffeine Exposure Effects on Speech-Sound Differentiation
The repeated measures ANOVA identified 1 significant interaction involving the variables of interest: caffeine exposure group Â sound contrast Â time window Â electrode Â hemisphere, with F(6, 117) ¼ 2.18, P ¼ .04 and partial Z 2 ¼ .10. Neither gestational age nor postnatal age made significant contributions to this interaction.
Follow-up 1-way ANOVAs were used to narrow down the effect of caffeine exposure on speech-sound differentiation. Exposure-group differences were present for /da-ga/ contrast in the 150 to 250 ms window at the left frontal location, F(2,41) ¼ 3.35, P ¼ .04, and right frontal location, F(2, 41) ¼ 3.53, P ¼ .03. Group differences were also observed at the left temporal location for the /da-ga/, F(2, 41) ¼ 3.22, P ¼ .05, and /ba-ga/, F(2, 41) ¼ 3.33, P ¼ .04, contrasts. The /da-ga/ difference at the left temporal location remained significant in the 250 to 400 ms interval, F(2, 41) ¼ 3.77, P ¼ .03. No group differences in speech-sound differentiation were detected between the no-caffeine and low-exposure groups for any of the 5 event-related potential variables identified as sensitive to caffeine exposure (P values equal .11-.73), even though mean values for sound discrimination appeared higher in the low-exposure group. Mean amplitudes in the highexposure group were lower than the no-exposure group for the /da-ga/ contrast in the 150 to 250-ms interval at the left and right frontal electrodes, F(1, 32) ¼ 4.36, P ¼ .04, and F(1, 32) ¼ 9.59, P ¼ .004, respectively.
Comparison of Low-and High-Caffeine Exposure Effects on Speech-Sound Discrimination
Speech-sound differentiation within 150 to 250 ms at the left frontal, /da-ga/: F(1, 29) ¼ 7.09, P ¼ .01, and left temporal locations, /da-ga/: F(1, 29) ¼ 5.95, P ¼ .02, /ba-ga/: F(1, 29) ¼ 5.926, P ¼ .02, was greater in the group with low-caffeine exposure than the high-exposure group. The left temporal /da-ga/ differences remained significant in the 250 to 400 ms window locations, F(1, 29) ¼ 6.38, P ¼ .01. In all of these cases, infants in the low-exposure group evidenced greater sound differentiation than infants with high exposure to caffeine.
Histograms in Figure 3 show an obvious skew of the population and a Poisson-like increased variance in the group with higher mean caffeine exposure. The distributions are 1-tailed, not 2tailed like the normal distribution, further justifying a secondary analysis with this model beyond the repeated measures ANOVA. 26 The generalized estimating equations approach found better (/da-ga/) differentiation in the low-caffeine group (Z ¼ 2.77, P ¼ .006) compared to the high-caffeine group ( Table 2) , confirming that the observed effect is related to caffeine differences in both groups and not to gestational or postnatal age differences alone.
Discussion
Using event-related potentials, we found that caffeine exposure affected differentiation of speech sounds in preterm neonatal intensive care unit patients. Although preterm infants typically show reduced speech-sound discrimination compared to term infants, sound differentiation in the low-exposure group was similar to that of more mature infants not exposed to caffeine Amplitude of the response to each of the sound stimuli in microvolts is represented by deflections from zero in the vertical axis. The frontal waveforms show a positive deflection after the stimulus onset, whereas the temporal waveform shows a negative deflection, reflecting the polarity reversal around the reference electrodes. The difference between the 2 tracings represents differences in cortical processes in response to the 2 sounds at various locations specified in Figure 1 .
at equivalent postnatal age at testing. These results suggest that caffeine may improve cortical processing of auditory stimuli in preterm infants. Thus, caffeine may have contributed to accelerated brain maturation in the less immature infants, perhaps allowing auditory cortex function to be positively influenced by postnatal sound experience. Our work extends the findings of prior auditory brainstem response studies in preterm infants showing that caffeine exposure can result in more optimal brainstem functioning as reflected in decreased interpeak latencies. 14 A possible mechanism for caffeine's effect on neonatal electrophysiologic function was postulated in a study of short-term effects of caffeine using amplitude-integrated EEG immediately after intravenous dosing. 27 The authors speculated that the increased cortical activity demonstrated by enhanced continuity and amplitudes may be related to caffeine's boosting of synaptic activity in preterm infants. To our knowledge, our study is the first to report the positive effects on cortical auditory function of caffeine treatment for apnea of prematurity.
Another possibility for caffeine's effects of improved cortical function has been suggested by human and animal studies demonstrating that caffeine can improve intermittent hypoxia in preterm infants and through this mechanism, decrease perinatal white matter injury in mice. 28, 29 We can speculate that caffeine may have direct neuroprotective effects and may also decrease additional oxidative and inflammatory insults to the developing brain, thereby preserving cortical function.
We found that speech-sound differentiation was reduced in the high-compared to the low-caffeine exposure groups when tested at equivalent postnatal age. This is likely related to greater electrophysiologic immaturity of the brain in the high-exposure group, 21 whose gestational age at birth was approximately 3 weeks earlier compared to the low-exposure group. We speculate that a minimal level of developmental maturity is needed to benefit from caffeine exposure and that caffeine alone is not sufficient to compensate for extreme prematurity. This interpretation is consistent with the differential effects of caffeine related to gestational age that have been reported in animal models for locomotor activity 30 and seizure susceptibility. 30, 31 Postulated mechanisms for these differences include age-and brain-region-dependent distribution of A1/A2 receptors. [32] [33] [34] Strengths of our study include the broad range of gestational ages in infants without severe white matter injury, and the caffeine exposures studied. Additionally, robust statistical methods accounted for both traditional analyses of event-related potentials and more clinically relevant analyses in a neonatal population. In particular, the repeated measures ANOVA approach had 3 important limitations: (1) imperfect Huynh-Feldt correction for the random effects of infant differences;
(2) skewed nonnormal distribution of sound discrimination scores, which appear closer to Poisson counts than to the normal distribution that repeated measures ANOVA presumes;
(3) the unrealistic assumption of ''compound symmetry,'' or constant covariances across repeated measurements. The generalized estimating equations allowed us to avoid these limitations and provided an estimate of the simple main effect of caffeine without reporting 8 separate effects. 35 We also acknowledge several limitations unavoidable due to the observational nature of the study. Caffeine administration was not controlled and blood levels of drug were not available. Thus, we can show only association rather than causation. Because caffeine dose was not directed by study protocol, we made a practical decision to separate exposure groups at the median cumulative caffeine dose. The relatively small sample size also limits in-depth analyses. Finally, our study was crosssectional rather than longitudinal. A longitudinal study may answer the important question of whether caffeine facilitates maturation of cortical brain processing. In particular, repeated assessments of neural processing could help identify the timing of maximal caffeine effect on brain maturation.
In summary, our study shows that exposure to caffeine in preterm infants appears to improve cortical functioning as reflected by speech-sound discrimination, although it does not compensate for brain immaturity in extremely preterm infants. Because speech-sound discrimination is associated with cognitive and communication outcomes in early childhood, 19, 20 future studies should examine whether continued administration of caffeine age in the most immature infants would improve cortical processing as it does in the more mature infants.
